The mechanisms responsible for malignant ventricular arrhythmias associated with reperfusion of ischemic myocardium were delineated with a computerized, three-dimensional mapping system, with simultaneous eight-level transmural recordings from 232 bipolar sites. In six chloraloseanesthetized cats, regional ischemia was induced for 10 min by occlusion of the left anterior descending coronary artery, followed by reperfusion. At 10 min after ischemia, just before reperfusion, total ventricular activation time during sinus rhythm was significantly delayed (63 + 8 vs 25 + 2 msec before ischemia, p < .001). Ventricular tachycardia (VT) occurred within 15 sec after reperfusion and in three animals culminated in ventricular fibrillation. In 75% of cases of nonsustained VT, initiation occurred in the subendocardium, at the border of the reperfused zone via a mechanism not involving reentry, as determined by the fact that continuous activation was not apparent and the time from the end of the sinus beat to the beginning of VT (142 + 14 msec) was not associated with any intervening depolarizations. In the remaining 25% of cases of nonsustained VT, initiation of the VT resulted from intramural reentry in the subendocardium adjacent to the site of delayed midmyocardial activation from the precedlng sinus beat (total activation time = 151 + 9 msec, p < .001 vs just before reperfusion). This reentrant mechanism was similar to that responsible for the majority of cases of VT during ischemia without reperfusion. Maintenance of VT during reperfusion occurred by nonreentrant mechanisms as well as by intramural reentry, with most cases of VT involving both mechanisms. Ventricular tachycardia leading to ventricular fibrillation was initiated in the subendocardium at the border of the reperfused zone by a nonreentrant mechanism and was maintained by both nonreentrant and reentrant mechanisms, at times in combination in the same beat. The coupling interval of the first ectopic beat of VT leading to ventricular fibrillation was not significantly different from that of nonsustained VT (199 ± 16 vs 189 + 9 msec, p -NS). However, during the transition from VT to ventricular fibrillation, nonreentrant mechanisms arising both in the subendocardium and subepicardium led to very rapid acceleration of the tachycardia to the coupling interval of 92 ± 2 msec, resulting in enhanced functional block and further conduction delay, with the total activation time of the transition beats exceeding the coupling interval of the tachycardia. This subsequently led to the development of multiple small reentrant circuits and multiple simultaneous wavefronts characteristic of ventricular fibrillation. In the cases of nonsustained VT, none demonstrated nonreentrant activation in the epicardium or a cycle length less than 120 msec. Likewise, no rapid nonreentrant activation of the endocardium or development of ventricular fibrillation was demonstrated. Thus, VT during reperfusion of ischemic myocardium is most commonly initiated by a nonreentrant mechanism, although intramural reentry can contribute. Ventricular fibrillation occurs through a rapid nonreentrant acceleration of the tachycardia.
LABORATORY INVESTIGATION-VENTRICULAR ARRHYTHMIA REPERFUSION of ischemic myocardium in experimental animals is often associated with the sudden onset of ventricular tachycardia, which can degenerate to ventricular fibrillation.1`Although the applicability of these findings to humans with ischemic heart disease is uncertain, recent evidence indicates that there are several clinical examples of myocardial reperfusion that are also associated with the development of both benign and malignant arrhythmias. For example, patients undergoing coronary thrombolysis in the setting of an acute myocardial infarction develop ventricular arrhythmias, including ventricular fibrillation, at the time of reperfusion,69 although the incidence varies potentially due to the rapidity of the reperfusion and the time after the onset of the initial ischemic episode. Coronary artery spasm with transient occlusion and reperfusion'0 is known to be associated with the development of ventricular arrhythmias, particularly during the resolution of ST segment alterations, suggesting that the arrhythmias occurred during reperfusion."S ince the majority of cases of sudden cardiac death do not demonstrate evidence of complete coronary occlusion at autopsy,'2 reperfusion may contribute to the lethal event, secondary to resolution of coronary spasm,'0 platelet aggregation with subsequent spontaneous lysis,'3 or increased collateral flow into the ischemic region. '4 The precise mechanisms responsible for the arrhythmias associated with reperfusion of ischemic myocardium are unknown. During reperfusion, recovery of cells that were previously inexcitable may result in action potentials with very slow upstrokes, and hence slow conduction in some regions. '5 In addition, reperfusion leads to a marked shortening of the refractory period, producing a markedly increased dispersion of the refractory periods between the ischemic and nonischemic regions2 and providing a substrate for the development of reentry. Nonreentrant mechanisms may also contribute, as indicated by the finding that reperfusion is characterized by a marked increase in the idioventricular rate. 3' Although these findings suggest, albeit indirectly, that both reentrant and nonreentrant mechanisms contribute to the arrhythmias associated with reperfusion, proof of the underlying mechanisms require delineation of the activation sequence by recording from multiple simultaneous sites. For example, Ideker et al. 16 recorded from 27 epicardial sites in the canine heart and demonstrated that after reperfusion, ventricular activation during the transition to ventricular fibrillation arose from discrete sites in the border zone and propagated across the nonischemic myocardium in or-Vol. 76, No. 2, August 1987 ganized, repeating cycles. However, the small number of recording sites, confined only to the epicardium, precluded a definitive assessment of the underlying mechanism. Janse et al.`' evaluated the mechanisms responsible for the arrhythmias during reperfusion using 60 epicardial or intramural sites in the isolated porcine and canine heart. Although they demonstrated no evidence for reentry on the epicardial surface in the initiation of ventricular tachycardia during reperfusion, they observed both incomplete and complete reentrant wavefronts on the epicardial surface during ventricular fibrillation. However, the limited number of recording sites, particularly intramural sites, and the large areas of the heart that were not evaluated during the arrhythmias precluded a definitive assessment of the underlying mechanisms.
The three-dimensional computerized mapping system developed in our laboratory'8 '9 can record simultaneously from 232 intramural sites from the entire feline heart in vivo, and thereby overcomes many of the limitations of previous studies. We have recently used this mapping system to demonstrate that the malignant arrhythmias during early myocardial ischemia without reperfusion are due primarily to intramural reentry, although nonreentrant mechanisms also contribute. 20 The present study was performed to delineate the electrophysiologic mechanism(s) responsible for both sustained and nonsustained ventricular tachycardia induced by reperfusion of ischemic myocardium, and to determine the underlying mechanisms responsible for the development of ventricular fibrillation.
Methods
Animal preparation and protocol. Seven adult cats (average weight = 3.7 kg) were anesthetized with ketamine HCl (12.5 mg/kg) and a-chloralose (75 mg/kg), intubated, and artificially ventilated with a Harvard respirator. Muscular relaxation was maintained by intravenous injection of decamethonium bromide (0.25 mg/kg). Catheters were inserted in the femoral artery and vein and a Gould-Brush Model 260 recorder was used to monitor a lead II surface electrocardiogram and systemic arterial pressure. Body temperature was maintained at 370 C via a thermostatic esophageal probe controlling an infrared lamp. A left thoracotomy was performed by excision of ribs two through four, a pericardial cradle was constructed, and the left anterior descending (LAD) coronary artery was isolated at its bifurcation from the main left trunk immediately proximal to all branch points. Care was taken to avoid the pericoronary nerve coursing parallel to the artery. A 3-0 cotton suture was placed under the vessel, and polyethylene tubing was threaded around the suture. Thirty-seven plunge-needle electrodes (as described below) containing two to eight bipolar electrode pairs per needle (232 sites total) were placed throughout the heart in the left ventricle (200 sites), right ventricle (16 sites), and septum (16 sites), with a distance between plunge electrodes of 4 to 9 mm. Right ventricular electrodes were secured by suturing to the epicardial surface. Insertion of plunge needle electrodes into the high anterior septum led to the development of right bundle branch block in one animal. Data from this animal were excluded from further analysis. Insertion of electrodes did not lead to alteration of the surface electrocardiogram or the pattern or speed of activation in the other animals. After an interval of 30 min, the polyethylene tubing was advanced to the artery and clamped to produce complete coronary occlusion.
Recording of intramural bipolar electrogram information was carried out at selected intervals after coronary occlusion. After 10 min of coronary occlusion, the clamp was released and reperfusion occurred, as evidenced by return of flow in the LAD coronary artery and resolution of epicardial cyanosis. Recording of bipolar electrogram information was carried out just before and for the first minute after reperfusion, as well as at selected intervals during the 20 min reperfusion period. In cases in which ventricular fibrillation developed, defibrillation was performed immediately with delivery of 20 J of energy. In several animals, multiple 10 min coronary occlusions, each followed by 20 min of reperfusion, were performed and bipolar electrogram information was recorded at selected time intervals. During the experiment, warm (370 C) saline was intermittently applied to the heart to moisten the epicardium and prevent surface cooling. A thermistor on the epicardial surface of the heart ensured that the epicardial temperature remained at 370 C.
On completion of the experiment, the animals were killed with an intravenous injection of KCI (3 M).
Electrode localization. After termination of the experiment, each plunge electrode was removed and carefully replaced by a labeled pin in the exact electrode site. The heart was removed and placed in formalin for at least 24 hr. After fixation in formalin, a detailed epicardial map was made by placing clear cellophane over the surface of the fixed heart and tracing the location of the labeled pins in relation to each other and to anatomic landmarks. The pins were replaced by small colorcoded plastic brush bristles to facilitate sectioning. The heart was then cut transversely into slices approximately S to 7 mm in thickness. The outline of each slice was traced carefully to show the exact insertion site and direction of each electrode, as well as the site of the most distal bipole pair. The tracings were then enlarged for later three-dimensional isochronic map construction, as described below. Mapping system. Details regarding the cardiac mapping system used in the present study have been reported previously18-20 and will be summarized only briefly here. Electrical activity from multiple intramyocardial sites was recorded from plungeneedle electrodes that were fabricated with 50 gm diameter, Teflon-insulated tungsten wire contained within a 21-gauge stainless steel needle. All electrodes have an interpole spacing of 500 ,um. The left ventricular plunge electrodes contain eight bipolar pairs, each separated by 500 ,um. The septal electrodes contain four bipolar pairs (500 ,um between pairs), with each pair separated by 2.5 mm. The right ventricular electrodes consist of two bipolar pairs, each separated by 500 ,um. The most proximal of the electrode pair is located 500 ,um from the epicardial surface.
Bipolar electrogram data from each of the 232 sites were individually amplified, filtered from 40 to 500 Hz, and converted from analog to digital at a 2 kHz sampling rate to yield true simultaneous data acquisition without multiplexing. The digital data were then stored on a Sangamo-Weston Sabre IV highdensity recorder in 12 parallel bits (dynamic range of + 50 mV with least significant bit resolution of 25 ,gV). The data were later analyzed off-line by use of a PDP 1 1/34A computer system (Digital Equipment Corporation) with interactive high-resolution color graphics. [18] [19] [20] Construction of individual isochronic maps was performed as follows. Initially, the tape containing the electrogram data was played back and the surface lead II tracing, also stored on the digital tape, was reviewed to locate the depolarizations of interest, such as a premature ventricular complex or a run of ventricular tachycardia. Individual electrograms from each electrode site occurring within the selected window were autocalibrated and displayed, eight at a time, on a high-resolution Barco color monitor. Computer-derived activation times were assigned, based on a peak criterion.21' 22 The computer-chosen activation time of each electrogram was reviewed and manually overridden if required. An amplitude threshold of 0.25 mV was considered to indicate activation of tissue by the depolarizing wavefront. The basis for this magnitude of voltage being consistent with depolarization of the tissue is our previous observation that activity of lower amplitude was not accompanied by activation of immediately adjacent electrode sites.`This was also a consistent finding in the present study. Conduction block between two electrodes was defined by any of three criteria: (1) intervening electrodes exhibited no activation, (2) recordings from electrode sites distal to a block demonstrated low-voltage electrotonic activity followed closely by a larger amplitude electrogram,23 24 and (3) large temporal gaps occurred between two electrodes while adjacent electrodes in a less direct spatial path exhibited sequential activation.
After extensive review of all electrograms, activation times were printed for all sites. Activation times were then assigned to their respective intramyocardial location, as indicated by the detailed three-dimensional localization described above. Isochrone maps were then hand-drawn to yield a three-dimensional topographic contour map of cardiac activation for each beat.
Data analysis and statistics. The total activation time for each beat was the difference in the activation times between the earliest and latest sites of activity. The coupling interval for each beat was the difference in activation times between the earliest activation of that beat and the following beat. Conduction velocity was determined when isochrones were parallel by dividing the distance between two recording sites along the direction of the activation wavefront by the difference in their activation times. The ischemic zone after LAD coronary artery occlusion was not demarcated by dye or radiolabeled microspheres. However, the region of ischemia was defined as that in which the transmural recording site exhibited a marked decrease in amplitude and an increase in duration of the bipolar electrogram, since this correlates well with the regional decrease in myocardial blood flow. 25 All data are presented as the mean + SEM. Statistical analyses were performed by Student's t test for paired or unpaired data, as appropriate. Differences with p values < .05 were considered significant.
Results
Characteristics of the arrhythmias. Reperfusion led to the development of ventricular tachycardia (n = 10 runs) within 15 sec in all six animals, and in two, ventricular tachycardia degenerated to ventricular fibrillation. In five of the six animals, multiple (one to three) additional 10 min occlusions and 20 min periods of reperfusion were performed. In one animal, ventricular fibrillation occurred during the second reperfusion period, whereas ventricular tachycardia only was seen during the first reperfusion period. In all cases in which ventricular fibrillation occurred, it was seen with each subsequent reperfusion. Complete three-dimensional mapping was performed on all the beats of eight runs of nonsustained ventricular tachycardia and the first 7 to 25 (mean= 14) beats of five runs of ventricular tachycardia leading to ventricular fibrillation. Three-dimensional maps were therefore constructed for 106 beats of ventricular tachycardia, as well as 33 normal sinus beats (during control, just before reperfusion, and immediately after reperfusion just preceding the onset of ventricular tachycardia), for a total of 139 beats based on the analysis of over 32,000 individual activation time measurements.
Sinus rhythm during the control preischemic interval and just before reperfusion. As previously reported,20 sinus rhythm in the control preischemic interval was characterized by rapid ventricular activation with a total activation time of 25 ± 2 msec (n = 6). A representative three-dimensional isochronic map of a sinus beat during the control preischemic interval is shown in figure 1 , A. Activation initiated in the septum (beat NScontrol, level III, *) and proceeded rapidly from subendocardium to subepicardium, as well as to both the apex and base. Within 30 msec, ventricular activation was complete. The isochronic maps of control sinus beats were superimposable, and activation times of the control sinus beats never varied by more than 2 msec.
Sinus rhythm 5 min after coronary occlusion, a time at which premature ventricular contractions and runs of ventricular tachycardia occurred,20 was characterized by slow conduction and block. The total activation time of sinus beats not preceding premature ventricular contractions or ventricular tachycardia averaged 64 ± 6 msec (n = 6, p < .001 vs sinus beats in the preischemic interval). Sinus beats preceding premature ventricular contractions or ventricular tachycardia that was initiated by intramural reentry were characterized by a markedly increased conduction delay (149 ± 7 msec). Figure 1 , B, shows a sinus beat 5 min after ischemia that preceded a single premature ventricular complex. Activation initiated at the same septal site as during control (*) and conducted rapidly over the nonischemic posterior aspect of the heart, but demonstrated slow conduction in the anterior ischemic zone. In addition, functional intramural block in a longitudinal or side-to-side direction in the same intramural plane (e.g., thickened lines, beat NS5 min, level I) and in the transverse or endocardial-to-epicardial direction (thickened lines, levels IV and V) was apparent in which adjacent electrode sites as close as 500 gm were activated over 170 msec apart. As a result, very delayed activation occurred in endocardial and midmyocardial regions, and terminal activation at a midmyocardial site in the apex (beat NS5 level V,t) at 187 msec after initiation activated adjacent endocardial tissue to initiate a premature ventricular contrac-Vol. 76, No. 2, August 1987 tion by intramural reentry. Although the total activation time increased more than sixfold, the QRS interval did not change, demonstrating that the QRS complex of surface limb leads can be very insensitive to delayed activation of a small volume of myocardium. The amount of delay for sinus beats during ischemia varied markedly from beat to beat. The sinus beat immediately preceding the sinus beat shown in figure 1 , B, had a total activation time of only 94 msec.
Sinus rhythm 10 min after occlusion (just before reperfusion) (figure 1, C) was characterized by delayed activation (63 ± 8 msec) (n= 6) comparable to the delay of sinus beats at 5 min after occlusion that did not precede premature ventricular complexes or runs of ventricular tachycardia. Activation initiated in the septum (*) at the same site as during control and spread rapidly across the nonischemic posterior and lateral aspects of the heart. In the ischemic anterior left ventricle and septum, slow conduction and block was apparent, but not to the same degree as seen 5 min after ischemia in figure 1 , B. No arrhythmias were seen at this time, coincident with a decrease in the extent of the conduction delay.
Nonsustained ventricular tachycardia during reperfusion. In 75% of cases (six of eight), the initiation of nonsustained ventricular tachycardia occurred in the subendocardium of the normal zone adjacent to the "border zone" through a mechanism not involving reentry. This was evidenced by the fact that continuous activation was not apparent, and the time from the terminal activation of the sinus beat to the initiation of ventricular tachycardia (142 ± 14 msec) was not associated with intervening electrical activity (even activity markedly less than 0.25 mV), despite electrodes being located at several intermediate sites. The preceding sinus beat demonstrated a slight, but not significant, decrease in total activation time (59 + 5 msec) compared with sinus rhythm just before reperfusion.
The activation sequences of a sinus beat followed by the first 2 beats of a three-beat run of ventricular tachycardia 10 sec after reperfusion are shown in figure 2 . These maps are derived from the same animal whose maps are shown in figure 1. The sinus beat (NS) initiated at the same septal site (NS, level III, *) as during the control preischemic interval and just before reperfusion. However, activation was now more rapid than before reperfusion, with less intramural block. The latest activation occurred in the epicardium of the anterior left ventricular free wall in the most basal section (NS, level I,t). However, the first beat of the tachycardia initiated in the endocardium of the right ventricle (X1, level 
Three-dimensional isochronic maps of a control preischemic sinus beat (A), a sinus beat 5 min after occlusion of the LAD coronary artery immediately preceding a premature ventricular complex (B), and a sinus beat 10 min after LAD occlusion just before reperfusion (C). The surface electrocardiogram for each beat is shown above within the box. The sections are oriented with the base on top and the apex on the bottom. The right ventricular and left ventricular cavities are labeled on the most basal slice for the control nonischemic beat. Areas of conduction block are indicated by the thickened lines and the blackened areas. The asterisks (*) denote the sites of initial activation for each beat and the daggers (t) denote the sites of latest activation for each beat. The numbers within the isochrones indicate the time in milliseconds from the initiation of each beat. . Three-dimensional isochronic maps of a sinus beat (NS) followed by the first 2 beats of a 3 beat run of nonsustained ventricular tachycardia 10 sec after reperfusion, in which the initiation and maintenance of the tachycardia occur by a nonreentrant mechanism arising in the subendocardium of the right ventricule. Beneath each map is its mechanism of initiation with "NR" being nonreentrant, and "R" being reentrant. See legend for figure 1 for additional details.
Vol. 76, No. 2, August 1987 409 I II Iv VL mechanism, with no intervening activity at any electrode site. Activation spread across the septum and left ventricle, with terminal activation occurring in the epicardium of the left ventricular free wall 82 msec later. The second beat of the tachycardia initiated 138 msec later at the same right ventricular endocardial site as the first beat, also by a nonreentrant mechanism, and conducted across the heart in a similar fashion. The third beat (not shown) also initiated at the same endocardial site by a nonreentrant mechanism and conducted in a similar fashion. The tachycardia terminated because the nonreentrant focus failed to fire. Thus, ventricular tachycardia can initiate in the endocardium as a result of a nonreentrant mechanism. Once initiated by a nonreentrant mechanism, maintenance could occur by a nonreentrant mechanism from either the same (figure 2) or a different site, or by intramural reentry (see below). In the remaining 25% of the cases of nonsustained ventricular tachycardia, initiation occurred by a reentrant mechanism that arose in the subendocardium of the normal zone adjacent to the border zone from delayed midmyocardial activation from the preceding beat. In cases in which initiation of the tachycardia was through a reentrant mechanism, the preceding sinus beat demonstrated a marked increase in total activation time (151 + 9 msec, p < .001 vs sinus rhythm before reperfusion). The activation sequence of a sinus beat and the first 2 beats of a 6 beat run of nonsustained ventricular tachycardia 3 sec after reperfusion in which initiation occurs by intramural reentry is shown in figure 3. The sinus beat (NS) preceding the first beat of ventricular tachycardia initiated in the septum (*) and conducted rapidly throughout most of the heart. It encountered nontransmural block at several levels but was able to activate the epicardium overlying the areas of nontransmural block in level III by 80 msec (panel A). The wavefront continued to propagate as it activated a small area of midmyocardium in level 11 (130 and 140 msec isochrones). The wavefront moved inferiorly to activate the midmyocardium in level III at 160 and 170 msec, but was unable to propagate further in that direction. The wavefront then also moved superiorly to activate the midmyocardium and endocardium in level 1 (140 to 180 msec isochrones). This markedly delayed activation of the sinus beat in the base allowed time for adjacent tissue to recover, and initiated the first beat of the tachycardia at an adjacent endocardial site in level I (X1, level I, *). Although there was a 50 msec time interval between the termination of the sinus beat (NS) and the initiation of the first beat of the ventricular tachycardia (X1), this did not represent a 410 gap in the activation sequence but reflected the very slow conduction of the delayed activation wavefront.
To determine whether the wavefront was continuous, the conduction velocity of the delayed activation wavefront leading to termination of the sinus beat (140 to 180 msec isochrone) was measured and was found to be 10 cm/sec. When the distance between the site of termination of NS (t) and the site of initiation of X1 (*) was divided by the difference in activation times between these sites, it also yielded a conduction velocity of 10 cm/sec. Thus, the conduction velocities were the same and the activation wavefront was continuous, with initiation of the tachycardia by intramural reentry. Mapping of the epicardial surface alone would have missed the delayed midmyocardial and subendocardial activation, and the mechanism would not have been ascribed to reentry.
After initiation of X, activation spread throughout the heart, encountering nontransmural block in level I and transmural block in levels II and III. Very delayed activation proceeded around an area of nontransmural block in level III and terminated at an epicardial site in the anterior left ventricular free wall (X1, level III,t). Initiation of the next beat of the tachycardia (X2) occurred at a distant subendocardial site 129 msec later (X2, level II, *) by a nonreentrant mechanism. Thus, nonsustained ventricular tachycardia after reperfusion can initiate by one mechanism but can be maintained by another mechanism. Maintenance of nonsustained ventricular tachycardia involved either nonreentrant or reentrant mechanisms (61% vs 39%, respectively). In fact, most runs of nonsustained ventricular tachycardia were maintained by both nonreentrant and reentrant mechanisms in various combinations (see below for example).
The definitive assignment of the mechanism responsible for each premature ventricular complex was not always possible. The mechanism was defined as reentrant when: (1) there were continuous depolarizations from one beat to the next; (2) the site of initiation of a premature beat was adjacent to the site of termination of the preceding beat; and (3) the conduction velocity of the activation wavefront from the site of termination of the preceding beat to the site of initiation of the premature beat was similar to the conduction velocity of the terminal portion of the activation wavefront of the preceding beat. The mechanism was defined as nonreentrant when the site of initiation of a premature beat was remote from the site of termination of the preceding beat with no intervening activity at multiple recording sites. Assignment of a particular mechanism was possible for all beats analyzed except in two cases.
SECONDS AFTER REPERFUSION
. Three-dimensional isochronic maps of a sinus beat (NS) followed by the first 2 beats (X1, X2) of a 6 beat run of nonsustained ventricular tachycardia 3 sec after reperfusion in which the tachycardia initiates by intramural reentry, shown by the dark arrow from NS to XI, but is maintained by a nonreentrant mechanism. See legend for figure 1 for additional details.
One of the exceptions involved the initiation of a run of nonsustained ventricular tachycardia (see below) and the other involved the initiation of a run of ventricular tachycardia leading to ventricular fibrillation. In these two cases, the termination of the preceding beat was followed by a very long delay, after which initiation occurred at an adjacent site. The activation sequence for the initiation of a run of nonsustained ventricular adjacent subendocardial site 130 msec later (X1, level III, *). Microreentry over a very slowly activating pathway may have occurred and could not be ruled out. It would require conduction at a velocity of 2.3 cmlsec, which is much slower than the 9 cm/sec that was the slowest conduction velocity ever observed either after reperfusion or during myocardial ischemia without reperfusion,20 but which is not inconsistent with values obtained in vitro with reflected reentry.26 412 Because of the inability to delineate a definitive macroreentrant pathway, a nonreentrant mechanism was assigned for this beat and for the other beat that initiated a run of ventricular tachycardia leading to fibrillation (see below).
Ventricular tachycardia leading to ventricular fibrillation. The three-dimensional activation sequences of the runs of ventricular tachycardia leading to ventricular fibrillation were similar in all 5 runs. Figure 5 , top, shows a lead II surface electrocardiogram tracing of a run of ventricular tachycardia leading to ventricular fibrillation starting 6 sec after reperfusion; detailed three-dimensional mapping was performed for each of the first 25 consecutive beats. Figure 5 , bottom, shows the three-dimensional isochronic maps of the first 2 beats of the tachycardia (X1 and X2) as well as the preceding sinus beat (NS). The sinus beat (NS) initiated in the septum (level II, *) and spread rapidly throughout the heart, terminating after 78 msec (t) beyond an area of transmural conduction block in level III. The first beat of the tachycardia, X,, initiated 160 msec later at a distant subendocardial site in the right ventricle by a nonreentrant mechanism. After initiation of Xl, activation spread both clockwise and counterclockwise, encountering transmural block in levels I through III. Delayed midmyocardial activation in level 11 (320 to 390 msec isochrones) continued to conduct apically (410 msec isochrone, level III), which then activated adjacent tissue in the midmyocardium (X2, level III, 430 msec isochrone, *) to initiate X2 by intramural reentry. The initiation of this tachycardia by a nonreentrant mechanism and maintenance by intramural reentry was not unlike what was seen with some of the nonsustained runs of ventricular tachycardia. However, it was interesting that in the same animal the run of nonsustained ventricular tachycardia immediately preceding it, as shown in figure 3 , was initiated by reentry. That is, two consecutive runs of ventricular tachycardia can initiate by completely different mechanisms and be maintained by a different sequence of mechanisms in the same heart.
After X2, this run of ventricular tachycardia leading to fibrillation was maintained by both reentrant and nonreentrant mechanisms, sometimes in combination. By the seventh beat of the tachycardia, the morphology of the QRS had changed to a downward deflection similar to the preceding run of nonsustained ventricular tachycardia shown in figure 3 . Likewise, the site of initial activation by intramural reentry had shifted from a subendocardial site in the anterior septum-right ventricular region to subendocardial and subepicardial sites in the posterior and lateral left ventricular free CIRCULATION LABORATORY INVESTIGATION-VENTRICULAR ARRHYTHMIA 6 SECONDS AFTER REPERFUSION /> X1 X2 4 R FIGURE 5. Top, A lead II surface electrocardiogram tracing of a run of ventricular tachycardia leading to ventricular fibrillation 6 sec after reperfusion in which the first 25 beats were mapped three-dimensionally. Bottom, The three-dimensional isochronic maps of the preceding sinus beat (NS) and the first 2 beats (X1, X2) of this run of ventricular tachycardia. In this case, initiation of X1 occurs by a nonreentrant mechanism, but X2 initiates by intramural reentry, shown by the dark arrow from X, to X2. See legend for figure 1 for additional details.
wall. These latter sites were the sites of reentrant activity during the maintenance of the preceding nonsustained ventricular tachycardia that is shown in figure 3 .
After the eighth beat of the tachycardia, there was an acceleration in rate. The activation sequence of 3 consecutive beats (XI4 through X16) during the transition from ventricular tachycardia to ventricular fibrillation Vol. 76, No. 2, August 1987 is shown in figure 6 . Initiation of X14 occurred in the epicardium on the normal side of the border zone (level I, *) by a nonreentrant mechanism. Activation spread through the heart, encountering varying degrees of conduction block. By 50 msec after initiation, when most of the basal sections had been activated, initiation also occurred in the apex by intramural reentry from figure 5 (X14 to X16) during the transition to ventricular fibrillation in which acceleration of the tachycardia occurs through nonreentrant mechanisms arising in the subepicardium and subendocardium. Initiation of X14 occurs through both a nonreentrant mechanism and intramural reentry. Additional details are described in the legend for figure 1. late activation of the preceding beat (X,4, level IV, **).
Although the two wavefronts merged, most of the myocardial mass for beat X14 was activated via the nonreentrant initiation in the subepicardium. Before X14 terminated in the apex (level IV, t), the next beat (X15) had initiated at a distant subepicardial site in the basal left ventricle adjacent to the site of initiation of 414 X14 by a nonreentrant mechanism (X15, level I, *). This second beat (X,,) spread through the heart, also encountering varying degrees of block, and terminated in the apex (level IV, t). However, just before termination of this beat, the next beat (X16) initiated at a distant site, now in the subendocardium, by a nonreentrant mechanism (level I, *). The marked acceleration of the tachycardia by this nonreentrant focus, now to a coupling interval of 90 msec, resulted in a further marked slowing of conduction velocity, as demonstrated by the increased density of isochrones in levels I and II and an increase in the extent of conduction block in levels II and III. It was this marked slowing of conduction and enhanced degree of block by the acceleration of the nonreentrant activation that led to the activation pattern seen during ventricular fibrillation.
Ventricular fibrillation. Over the course of the next several beats, the tachycardia degenerated to ventricular fibrillation, as evidenced by the very rapid and irregular polymorphic complexes. The three-dimensional activation maps of 2 later beats (X23 and X24) during ventricular fibrillation, which demonstrated the presence of multiple small reentrant pathways, are shown in figure 7 . The first beat (X23) initiated in the most basal section (X23, level I, *) by intramural reentry from the previous beat and spread around an area of unidirectional block in the midmyocardium, with slow conduction around the block (upper arrow), delayed activation distal to the block, and reactivation proximal to the block to initiate the next beat by intramural reentry (X24, level I, *). Within 30 msec after initiation of X23 in the most basal section, activation of X23 also occurred at an endocardial site in level II (**), also by intramural reentry from the previous beat. This second wavefront also conducted slowly around an area of unidirectional block (lower arrow) with delayed activation distal to the block, in an adjacent area seen in level III, and reactivation proximal to the block (X24, level II, **) to complete the second reentrant circuit.
The reentrant pathways underlying the transition from X23 to X24 are shown in greater detail in figure 8. In the upper portion of the figure is shown the most basal section (level I) of X23, and A to E denote individual bipolar recording sites along the reentrant pathway. To the right are shown the bipolar electrograms from sites A to E, with A shown again below E. After initiation at site A (0 msec), reactivation at site A (97 msec) was due to conduction over the pathway A->B->CD---D--E-->A. Similarly, in the lower portion of figure 8 , the middle two sections (levels II and III) of X23 are shown, with A to F denoting individual bipolar recording sites along the reentrant pathway. After initiation at site A (21 msec), its reactivation (93 msec) was due to conduction over the pathway A->B--->C--D--*E--->F-->A. Thus, ventricular fibrillation was characterized by the presence of multiple small reentrant pathways. In this case, the length of the reentrant circuits was as small as 1 cm. Note that for 416 both reentrant pathways, the earliest epicardial breakthrough sites (figure 7, small arrows, basal two sections) did not correspond to the initiation sites. In fact, the presence of multiple reentrant circuits involving intramural pathways would not have been detected by mapping of the epicardial surface alone.
Nonreentrant and reentrant activation for both nonsustained ventricular tachycardia and that leading to fibrillation usually arose from the normal zone adjacent to the border zone. In a few cases, as in the initiation of X23 and X24 (figures 7 and 8), activation initiated distant from the border zone. This usually occurred after 15 to 20 beats of rapid ventricular tachycardia with loss of perfusion pressure, but was rarely noted earlier (figure 3, beat X2, level II, *).
Because the total activation time of X23, which in this case was 187 msec, greatly exceeded the coupling interval, which was now 93 msec, termination of X23 (figure 7, X23, level III, t) occurred simultaneously with the propagation of X24 ( figure 7 ). Furthermore, by this time the next beat, X25 (not shown), had already initiated by intramural reentry at two sites. Thus, there were three simultaneous activation wavefronts present; this is shown in figure 9 with the simultaneous activation by three wavefronts during a 20 msec interval (190 to 210 msec after initiation of X23). Thus, ventricular fibrillation was characterized both by multiple small reentrant circuits and the presence of multiple simultaneous activations. These multiple reentrant circuits arose due to exacerbation of the slowed conduction and enhanced degree of conduction block secondary to the marked acceleration by nonreentrant activation from both the subendocardium and subepicardium during the conversion from ventricular tachycardia to fibrillation.
The surface electrocardiogram of the same 25 beats of the ventricular tachycardia -leading to ventricular fibrillation is shown in figure 10 . The tachycardia initiated by a nonreentrant (NR) mechanism and was maintained by both intramural reentry (R) and a nonreentrant mechanism, at times in combination (see figure  6 ). However, the transition to ventricular fibrillation was due to nonreentrant mechanisms that led to acceleration of the tachycardia to a cycle length of 80 to 100 msec. This then led to marked slowing of conduction and block, resulting in multiple small reentrant pathways and multiple activation wavefronts characteristic of ventricular fibrillation. sentative runs of ventricular tachycardia leading to ventricular fibrillation is shown in figure 11 . There were no significant differences in the coupling interval of the initiating beat for nonsustained ventricular tachycardias (189 ± 9 msec) and ventricular tachycar-dias leading to ventricular fibrillation (199 + 16 msec less than 120 msec, nor did the total activation time exceed the coupling interval for any beat. In contrast, all the runs of ventricular tachycardia leading to ventricular fibrillation had acceleration to a coupling interval of less than 120 msec by nonreentrant mechanisms arising in the subendocardium and subepicardium. This led to even more rapid acceleration to coupling intervals of 80 to 100 msec, by both nonreentrant and reentrant mechanisms, with marked delay and block. This resulted in a total activation time that exceeded the coupling interval, and led to the multiple reentrant A X20 SUBENDO SUBEPI SUBENDO SUBEPI X21 circuits and simultaneous activation wavefronts that are the hallmarks of ventricular fibrillation. Alterations in conduction during the transition to ventricular fibrillation. Although it was not possible to assess the refractory periods per se at individual sites during the tachycardias, refractory periods could be assessed indirectly by determining the period of time between consecutive activations at the same electrode site, a technique used by others. 27 This "recovery period" is a value that is greater than or equal to the refractory period at that site. During the transition to ventric-X22 X24 X25 ir 1 ular fibrillation, when the tachycardia cycle length decreased to 90 to 100 msec, the recovery periods gradually decreased to 70 to 100 msec ( figure 12, A) . However, the decrease in the recovery period was not always uniform throughout the heart. At times conduction block, whether intermittent, 2: 1, or a higher degree of block, occurred at sites in the reperfused region ( figure 12, B) , resulting in marked disparities of recovery time.
Disparities in the recovery period were also apparent between closely adjacent intramural sites. As shown in figure 13 , endocardial-to-epicardial activation could block in the midmyocardium due to disparities in the recovery times between closely adjacent (500 gim) midmyocardial sites. Midmyocardial block occurred during X20 to X22 at the electrode site shown in figure  13 because of a slightly greater recovery time of the epicardial region. Interestingly, the differences in recovery times between endocardial and epicardial regions led to midmyocardial block during X20 to X23. The endocardial-to-epicardial conduction for X23 blocked between electrodes 100 to 102 because of epicardial-to-endocardial conduction occurring during X22. Late epicardial-to-midmyocardial conduction occurred during X20 through X22, but did not occur during X23. Epicardial-to-midmyocardial activity did occur 126 msec after it had occurred for X22, but it was now due to activation from adjacent sites that activated during X24, and it conducted all the way back to the endocardium during X24. Thus, disparities in recovery time led to a Wenckebach-like conduction block in only part xlg X20
X2' of the ventricular wall (i.e., block of epicardial-tomidmyocardial activity for X23). Mapping of the epicardial surface alone would have failed to detect any evidence of intramural block, and the epicardial activation at X24 would have incorrectly been assigned to beat X23, resulting in an incorrect activation sequence for this region.
After the transition to ventricular fibrillation had occurred, conduction block due to disparities in recovery times between closely adjacent regions were even more apparent. The activation of two adjacent subendocardial sites with differences in recovery times of only 3 to 19 msec is shown in figure 14 . The cumulative effect of these small differences resulted in progressive conduction delay between sites A and B, until the two sites were activated simultaneously by two different wavefronts. Due to the progressive conduction delay, site A for beat X30 was activated at precisely the same time as site B for beat X29, with complete conduction block occurring between the two adjacent sites.
The fact that excitability could recover as rapidly as 54 msec in selected regions, combined with the increased disparity of recovery, led to conduction block that provided the basis for the multiple reentrant pathways and multiple activation wavefronts characteristic of ventricular fibrillation.
Discussion
The results of the present study demonstrate that the initiation and maintenance of nonsustained ventricular tachycardia associated with reperfusion are due to nonreentrant mechanisms in the majority of cases. Overall, in 75% of cases, a nonreentrant mechanism initiated the tachycardias, and in 61% of cases a nonreentrant mechanism maintained the tachycardia. Likewise, during the transition to ventricular fibrillation, nonreentrant mechanisms were responsible for acceleration of the tachycardias leading to ventricular fibrillation. The conclusion that a nonreentrant mechanism was responsible was based on the absence of any intervening electrical activity between the termination of the preceding beat and the initiation of the next beat of the tachycardia, despite the presence of recordings from multiple intermediate electrode sites. These findings are consistent with those of Janse et al. 7 who failed to demonstrate epicardial reentry in the initiation of ventricular tachycardia after reperfusion, and with those of Ideker et al. 6 who demonstrated that epicardial breakthrough during the transition to ventricular fibrillation arose from discrete sites in the border zone. However, both of these studies were limited by a relatively small number of recording sites that were mainly limited to the epicardial surface. Because of the very large portions of the canine and porcine hearts that were unmapped in these two studies, it was not possible to preclude the presence of reentry occurring in intramural or subendocardial sites, or even at epicardial sites remote from those at which recordings were obtained. Due to these technical limitations, it was not possible to delineate precisely the mechanisms responsible for arrhythmias induced by reperfusion. In the present study, we used a computerized, three-dimensional mapping system that recorded simultaneously from 232 sites throughout the entire feline heart, including the left ventricle, right ventricle, and septum, which leaves no portion of the heart unmapped. Since the mass of the feline heart is approximately one-twelfth that of a canine heart, this yielded a resolution comparable to recording from nearly 2800 sites in the canine heart. Based on the findings indicating that reentry could be confined to very small intramural sites in selected tachycardias during reperfu-422 sion, delineation of the underlying mechanism required this degree of resolution.
In cases in which initiation of nonsustained ventricular tachycardia was the result of a nonreentrant mechanism, the preceding sinus beat demonstrated a slight but not significant decrease in total activation time compared with the sinus beats just before reperfusion. Initiation occurred in the subendocardium in the region of the border zone. The possibility that reentry occurred between recording sites and thereby went undetected is unlikely with the resolution of the system and the ability to resolve reentrant circuits with a diameter of 4 mm. Microreentry or reflection26 cannot be ruled out, but is unlikely to be the mechanism since initiation of the nonreentrant beats almost always occurred in regions that did not demonstrate conduction delay or adjacent inexcitable segments (see figures 2, 3, and 5). Sudden reperfusion of ischemic myocardium results in an increase in the idioventricular rate,3' which has been shown to be augmented by a-adrenergic mechanisms.28 This increase in idioventricular rate is likely to result from enhanced ventricular automaticity, possibly from subendocardial Purkinje fibers. Accelerated idioventricular rhythms are commonly noted at the time of coronary reperfusion in humans undergoing coronary thrombolysis. 29 Likewise, rapid atrial pacing has been shown to suppress accelerated idioventricular rates in humans in response to thrombolysis,29 and has also been shown to suppress arrhythmias induced by reperfusion in experimental animals,3 further supporting the concept that enhance automaticity may underline the nonreentrant mechanism during reperfusion.
Triggered activity due to either early or delayed afterdepolarizations is another potential nonreentrant mechanism that could contribute to arrhythmogenesis after reperfusion of ischemic myocardium. Sudden reperfusion is associated with a prompt reduction in the action potential duration and refractory period,2 suggesting that the occurrence of early afterdepolarizations is a less likely mechanism. However, delayed afterdepolarizations and triggered activity occur when cytosolic calcium is increased,30 a phenomenon known to occur during early reperfusion even in reversibly injured tissue.31' 32 Reperfusion is also associated with a large release of endogenous catecholamines,33 which can enhance delayed afterdepolarizations and lead to triggered activity,30 possibly by stimulation of aadrenergic receptors. 34 We have demonstrated previously that lysophosphoglycerides, amphipathic moieties that increase with myocardial ischemia and mediate electrophysiologic alterations in vitro comparable to those seen during ischemia in vivo, 35-37 can induce delayed afterdepolarizations and triggered activity in vitro, which are enhanced by catecholamines and increased extracellular calcium despite decreases in pH and increases in extracellular K'.38 Furthermore, studies performed in vitro with isolated tissue39 and Purkinje fiber preparations40 have demonstrated that exposure to ischemic conditions followed by return to nonischemic conditions results in a series of arrhythmic mechanisms, including oscillatory afterpotentials that could reach threshold and induce extrasystoles. Thus, triggered activity resulting from delayed afterdepolarizations may be the critical nonreentrant mechanism leading to ventricular tachycardia and fibrillation immediately after reperfusion.
The results of the present study indicate that ventricular tachycardia associated with reperfusion could also be initiated by intramural reentry. Unlike tachycardias initiated by a nonreentrant mechanism, reentrant tachycardias demonstrated marked delay in the activation of the preceding sinus beat that was comparable to that during early ischemia without reperfusion, resulting in continuous activation to initiate the first beat of the tachycardia in the subendocardium. Interestingly, in these cases reperfusion increased markedly the conduction delay of the sinus beat preceding the first beat of the tachycardia compared with conduction delay of the sinus beats immediately before reperfusion. This is consistent with the finding by other investigators that reperfusion can result in enhanced conduction delay.4' Thus, reperfusion, while it generally improves conduction, can at times lead to markedly delayed activation similar to that seen during the preceding ischemic interval. The delay occurs because of intramural block and late activation of midmyocardial and subendocardial regions, and is very similar to that seen during sinus beats preceding premature beats and ventricular tachycardia in the ischemic heart without reperfusion.20 In fact, both runs of nonsustained ventricular tachycardia during reperfusion that were initiated by intramural reentry activated over the same pathway as did the ventricular tachycardias during the preced-Vol. 76, No. 2, August 1987 ing ischemic interval without reperfusion. Although the nature of the conduction delay and functional block occurring with early reperfusion is unknown, it may be due to a heterogeneous return of flow to the ischemic zone, resulting in a shortening of the action potential duration and refractory period in the regions in which flow is adequately restored after reperfusion,2 3 15 with little change in these variables in regions where flow is not adequately restored. The result would be an inhomogeneous recovery of excitability and, in turn, variable degrees of conduction delay and block. Another potential explanation involves differential propagation of the activation wavefront in relation to fiber orientation, which can lead to differences in conduction velocity and may also contribute to the development of conduction block.4' Maintenance of ventricular tachycardia during reperfusion was due to both nonreentrant and reentrant mechanisms. Both mechanisms could occur not only during the same tachycardia, but also in the same beat, suggesting a complex interaction between mechanisms, with competition and occasional fusion. These findings were also apparent during the maintenance of ventricular tachycardia occurring early after ischemia without reperfusion20 and further attest to the complexity of ventricular tachycardia and the important interaction between different underlying mechanisms.
Ventricular tachycardia after reperfusion occasionally degenerated to ventricular fibrillation. The initiation of the tachycardia was by a nonreentrant mechanism arising in the subendocardium in all cases analyzed, and the coupling interval of the first beat of the tachycardia was not significantly different from runs of nonsustained ventricular tachycardia. Thus, neither very early-coupled premature beats (R-on-T phenomenon) or very late-coupled ectopic beats were uniquely related to the development of ventricular fibrillation. After initiation of ventricular tachycardia leading to fibrillation, maintenance of the tachycardia was due to both nonreentrant and reentrant mechanisms involving intramural layers, sometimes in combination, and therefore closely resembled the mechanisms underlying the runs of nonsustained ventricular tachycardia. However, the acceleration of the tachycardias by nonreentrant mechanisms arising in the subendocardium and subepicardium led to increased conduction delay and block and the development of ventricular fibrillation. The importance of acceleration of the ventricular tachycardia to the evolution of ventricular fibrillation has been noted previously by Moe et al. 42 Acceleration of the tachycardia to cycle lengths of 80 to 100 msec during the transition to ventricular fibrillation requires a very rapid recovery of excitability. Several factors may contribute to the decrease in refractory periods.
Although reperfusion per se leads to a decrease in the effective refractory period in the reperfused zone,2 the decrease is only to levels as low as 120 to 130 msec. However, the gradual acceleration of rate by nonreentrant mechanisms, as well as by intramural reentry, certainly contributes to the further shortening of the recovery time since the refractory period can shorten markedly at decreasing cycle lengths. 43 In addition, electrotonic influences between depolarized tissue proximal to an area of block and unexcited tissue distal to the block may hasten repolarization and shorten the refractory period.44 Although refractory periods were not measured directly due to the rapidly accelerating tachycardia and to the fact that strong premature stimulation may excite cells distant from the stimulation site and yield artifactual results,45 recovery times were assessed by determining the time between two successive activations at the same recording site. This value of "recovery time" has been used by others27 and represents a value greater than or equal to the refractory period at that site. The basis for slow conduction and block when the tachycardia accelerates to a coupling interval of 80 to 100 msec involves inhomogeneous recovery of excitability, since some areas were able to conduct quite rapidly at a recovery time as low as 54 msec. In contrast, other closely adjacent areas had consistently longer recovery times. Furthermore, the present results indicate that even slight differences in recovery time between adjacent sites as close as 500 gm (figure 13) can lead to progressive activation delay and block. Dispersion of refractory periods as a basis for conduction block has been demonstrated previously for both atrial and ventricular arrhythmias46 and appears to be operative during early reperfusion as well.
The nature of the nonreentrant mechanism eliciting the acceleration during the transition to ventricular fibrillation remains to be elucidated. Nonreentrant activation arising in the subepicardium during the transition to ventricular fibrillation, which was never seen by us in nonsustained ventricular tachycardias, also suggests a mechanism other than normal or abnormal automaticity in Purkinje fibers, since Purkinje fibers in the cat do not extend to the epicardium.47 Thus, activation arises in the myocardial cells and may well involve triggered activity due to delayed afterdepolarizations, as discussed previously. Additional evidence indicating that triggered activity is involved is the onset of the verv rapid coupling interval of 90 to 100 msec only when the tachycardia had accelerated to a coupling interval of less than 120 msec.
The finding that nonreentrant mechanisms led to the development of ventricular fibrillation differs from that of Janse et al.17 who suggested that reentry was the predominant mechanism. The present findings indicate that mapping of the epicardial surface alone or from a few intramural sites does not provide an adequate resolution to delineate the mechanisms involved. Nonreentrant initiation in the subendocardium and subepicardium could not be detected easily without detailed mapping of intramural activation. In this study, we also observed the presence of reentrant loops on the epicardial surface that were due to merging of wavefronts but were totally unrelated to the maintenance of the tachycardia.
Although the surface electrocardiogram during ventricular fibrillation demonstrated chaotic, irregular activity, myocardial activation was quite organized (figure 9). The presence of multiple simultaneously activating wavefronts was noted when the total activation time for each beat exceeded the coupling interval of the tachycardia. This arose from the nonreentrant acceleration of the tachycardia, leading to further conduction delay and functional block with an associated increase in total activation time due to incomplete recovery of excitability. The multiple small reentrant pathways seen during ventricular fibrillation resulted from the slow conduction and block elicited by the nonreentrant acceleration. The size of the reentrant pathways was approximately 1 cm. Given the path length (X) ' conduction velocity x refractory period, a path length of 1 cm is consistent with the observed conduction velocity of 10 cm/sec and a refractory or recovery period of 80 to 100 msec. Intramural block during ventricular fibrillation was seen within seconds, rather than 2 min after electrically induced fibrillation. 48 The finding of incomplete circus movements during ventricular fibrillation associated with reperfusion by Janse et al.`7 is consistent with our finding of reentry occurring intramurally.
The occurrence of arrhythmias during myocardial ischemia did not always correlate with the occurrence of arrhythmias after reperfusion, as has been noted by others. 49 This, combined with the differences in onset, duration, severity, and response to antiarrhythmic agents of arrhythmias associated with ischemia5`and those associated with reperfusion"1 5 also indicates that their underlying mechanisms differ. Our recent study of ischemia-induced arrhythmias20 and the present study demonstrate that both reentrant and nonreentrant mechanisms are involved in both types of arrhyth-LABORATORY INVESTIGATION-VENTRICULAR ARRHYTHMIA mias. However, arrhythmias associated with ischemia alone are most commonly initiated and maintained by intramural reentry,20 whereas arrhythmias induced by reperfusion are most often initiated and maintained by nonreentrant mechanisms, which is likely to account for the observed differences in response to antiarrhythmic agents. The reentrant pathways were often similar in a given animal during ischemia and subsequent reperfusion, suggesting that the heterogeneity of injury during the ischemic interval may resemble the heterogeneity of recovery from injury during subsequent reperfusion.
It was possible to delineate the mechanism of initiation for all but 2 premature beats. These two were cases in which the termination of the preceding sinus beat was followed by a very long delay and initiation of activity at an adjacent site. Whether this represented nonreentrant initiation that coincidently arose next to a y26 site of termination, or reflected reentry with very slow conduction across a small distance, could not be delineated, even with the degree of resolution used.
The implication of this study is that reperfusion arrhythmias, which occur in humans during coronary thrombolysis for acute myocardial infarction`9 and may be a major mechanism contributing to sudden cardiac death in patients with ischemic heart disease, are initiated and maintained by both nonreentrant and reentrant mechanisms. The efficacy of therapeutic interventions requires assessment based on the effect of the intervention on these two mechanisms. The nature of the nonreentrant mechanism underlying the transition to ventricular fibrillation remains to be determined, but may involve triggered activity. The marked antifibrillatory effects of calcium channel-blocking agents' and a-adrenergic-blocking agents,28 which decrease cytosolic calcium during reperfusion32 and thereby suppress triggered activity,30'`deserve more extensive investigation.
